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Abstract 
 
Forests cover about one-third of the land in the United States, yet they produce about 
80% of the freshwater resources (Sedell et al., 2000).  With the majority of that forest in 
private ownership, often economic forces drive their destiny to either be managed as an 
economic resource, to be converted to a more economic land use, or to be sold. 
 
Timber management has a unique relationship with water quality in that there can be both 
positive and negative correlations.  By managing timber, there is a positive impact in that 
forests are the producers of the cleanest surface and ground water when compared to 
other land uses, and wood products contribute to the national gross product.   
 
When timber is harvested, there can be negative impacts by increasing sediment, 
nutrients, pesticides, and other pollutants depending on the management system and 
practices utilized.  Often, many of these negative impacts are minimal when compared to 
other land uses and the pollutants they produce, but can still be prevented or mitigated by 
using Forestry Best Management Practices. 
 
This discussion will include general practices and systems both silvicultural and 
harvesting, their possible impacts to water quality, how or when these practices are used 
in Indiana, mitigating practices that can be employed, and how all of these subjects come 
together in Indiana’s forests and state forest properties. 
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I. Introduction 
 
 In pre-settlement times Indiana was approximately 23,157,000 acres in total area 
and approximately 85%, or 19,683,450 acres were forested.  By 1900, the forested 
acreage of Indiana had been literally cut down to an estimated 7%, or 1,620,990 acres.  
Since 1900 legislation in Indiana and the United States has helped Indiana get to an 
estimated 20%, or 4,553,800 acres, forested through programs to help landowners plant 
and manage their private forests, and by public entities buying or keeping abandoned land 
and managing it as forest (Miles, 2004; Verry et al., 2000; Tormoehlen et al., 1998).   
 The management of forests is called silviculture, and silviculture is defined on the 
University of Missouri-Columbia’s School of Natural Resources webpage as “the 
science, art and practice of caring for forests with respect to human objectives.”  In 
carrying out silviculture on the State Forests of Indiana, for which they were legislated in 
Indiana Code 14-23-4 (Indiana Legislative Services Agency, 2005a), the forests are 
managed for watershed protection, recreation, wildlife, and timber.  Management of these 
objectives: recreation, wildlife, or timber requires manipulation of the ecosystem through 
silviculture, which may have an impact on water quality, although minor when compared 
to other land uses (NCASI, 1999; Patric, 1995; Welsch, 1991).  
 In the 1890’s Gifford Pinchot believed forests should be valued because their 
effect upon climate, floods, runoff, and erosion.  Pinchot was convinced of the positive 
impact of forests upon streams.  He was quoted as saying “The connection between 
forests and rivers is like father and son.  No forests, no rivers” (Todd, 2001).  In 1897 the 
National Forest Commission recommended establishment of 13 forest reserves for 
timber, water supply, and flood prevention (NCASI, 1999). 
 When trees are harvested, machinery must move the trees from the place in which 
they stood to the place where they are processed.  Trails must be constructed and 
maintained for travel and recreation, as well as vistas opened and lawns mowed.  
Different species of wildlife need different habitats in which they thrive, so each 
particular habitat must be managed to meet the requirements of different species.  All of 
these objectives require silvicultural prescriptions that can have an impact on a site’s soil 
and water resources, which then can impact water quality.   
 It is the scope of this paper to focus on the impacts that a specific silvicultural 
practice, timber harvesting, can have on water quality, and relate their use on Indiana 
State Forest properties.  Today, state forest properties have approximately 148,650 acres 
of land, of which 20,000 acres do not have timber management as one of the objectives at 
this time.  When timber management requires that harvesting be carried out, a site 
specific infrastructure is needed to facilitate the movement of people, machinery, logs 
and trucks. 
 
 
II. Nonpoint Source Pollution 
 
 The Federal Water Pollution Control Act, better known as the Clean Water Act 
(CWA), had as its objective “to restore and maintain the chemical, physical, and 
biological integrity of the Nation’s waters.”  In the bill Congress directs the United States 
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Environmental Protection Agency (USEPA) to meet these objectives by evaluating both 
Point and Nonpoint sources of pollution.  A point source is defined in the CWA as  
 

any discernible, confined and discrete conveyance, 
including but not limited to any pipe, ditch, channel, tunnel, 
conduit, well, discrete fissure, container, rolling stock, 
concentrated animal feeding operation, or vessel or other 
floating craft, from which pollutants are or may be 
discharged.  This term does not include agricultural 
stormwater discharges and return flows from irrigated 
agriculture (US Congress, 2002). 
 

 Nonpoint Source (NPS) pollution is defined by the Environmental Protection 
Agency (USEPA, 2005) to be “any source of water pollution that does not meet the legal 
definition of point source in section 502(14) of the Clean Water Act of 1987.”  Pollution 
is defined in the CWA as “the man-made or man-induced alteration of the chemical, 
physical, biological, and radiological integrity of water.”  Through the CWA, states were 
directed to identify and evaluate the NPS pollution from each listed contributor, which 
included, but was not limited to, agriculture, mining, and construction as well as 
silviculture, and to develop Best Management Practices (BMPs) for each contributor that 
would reduce the resultant pollution as much as possible (US Congress, 2002). 
 The USEPA and others have identified sediment as the pollutant of greatest 
concern from forestry activities.  Other pollutants such as, nutrients, temperature, toxic 
chemicals and metals, organic matter, pathogens, and pesticides are of concern as well, 
but to a lesser degree (USEPA, 2005; NCASI, 2001; Binkley et al., 1999; NCASI, 1999).  
As forestry BMPs were developed in Indiana, they focused on sediment as the pollutant 
of concern, but addressed the others as well.  The focus was on sediment because 
pesticides and other chemicals are not commonly used in abundance as in the Deep 
South, streams are commonly left with a number of trees to shade them, and the other 
pollutants have not been identified as pollutants from forest activities in Indiana.   
 With CWA grant money through the Indiana Department of Environmental 
Management (IDEM), the Department of Natural Resources Division of Forestry (DoF), 
in cooperation with the Woodland Steward Institute, took on a statewide project to 
develop an aggressive program to implement voluntary forestry BMPs.  The forestry 
BMP guidelines were completed in 1996 and the first edition of the Forestry BMP Field 
Guide was published in 1998.  The BMP monitoring program, which monitors public and 
private timber harvest sites, has evolved a great deal since the guidelines were produced 
in 1996.  The DoF has monitored BMPs in five official rounds; 1996, 1997, 1999, 2000, 
and 2005 and monitored BMPs on every timber harvest on state forest properties from 
July 1, 1999 through 2003 at which time the DoF began to evaluate the effectiveness and 
efficiency of monitoring every timber sale and moving to a sampling method (Sobecki 
and McCoy, 2005).   
 The focus of this paper will parallel that of the Indiana Forestry BMPs’.  It will 
look mainly at sediment, but will also identify and discuss other pollutants that are 
important to the water quality situation in Indiana.   
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III. Forest versus Other Land Uses 
 
 In Indiana there are many land uses that fit in the categories of NPS contributors 
to include; mining, construction/urbanization, agriculture, and silviculture.  In the 1997 
Natural Resource Inventory (NRI), soil loss through sheet and rill erosion was estimated 
at 2.9 tons per acre per year from all cropland, which was estimated to have 10,915,700 
acres, not including Conservation Reserve Program (CRP) that had a different erosion 
rate, which results in an estimated 31,655,530 tons of sediment in 1997 from cropland 
alone.  The 1997 NRI also estimated CRP land would add 59,970 tons of sediment and 
another 519,610 tons of sediment from pastureland.  From cropland, there is another soil 
loss through wind erosion, which is not lost from CRP, pastureland, or forest because 
they have continuous ground cover; which adds another 0.5 tons per acre per year of 
which some amount ends up as sediment, some as atmospheric dust, and the remainder 
comes to rest on another place.  The total average soil loss from cropland in Indiana adds 
up to 3.4 tons per acre per year across the cropland acreage multiplies to 37,113,380 tons.  
In the NRI there is no estimate of soil loss from forestland, but that is not to say soil 
erosion does not happen on forested soils (NRCS, 1997).  Hood et al. (2002) recorded 
0.14 tons per acre per year lost from the control plot and Patric (1980) (cited from Hood 
et al., 2002) estimated 0.1 tons per acre per year from responsibly managed forestland 
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Figure 1. Produced from Table 1 of the NRI Data (NRCS, 1997) 
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Figure 2. Produced from Table 2 of the NRI Data (NRCS, 1997) 

 
 Soil erosion is a natural process often referred to as geologic erosion, in which the 
detachment and movement of soil particles by wind, water movement above or below the 
surface, freeze-thaw processes, or some kind of mechanical process (glacial movement or 
activities of organisms).  Soil erosion in natural systems occurs at variably low rates 
depending on watershed conditions (Spence et al., 1996; USDA, 1993).  Indiana’s pre-
settlement soil erosion rates were low depending on the local topography, weather, parent 
material (glacial till, limestone, etc.), and the activity of the local organisms.  Since 
settlement of Indiana, erosion increased with farming and development.  In recent years 
there has been a decrease in erosion rates as conservation practices and NPS mitigation 
programs have become more active.  An example of this decrease is evident in the NRI, 
in which cropland was losing an average of 4.7 tons/acre/year in 1982 and has decreased 
to the 2.9 tons/acre/year in 1997 referenced above. 
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* = No Indiana specific data found, eastern forest average soil loss (Patric, 1976). 
Figure 3. Produced from Tables 10 and 11 of the Indiana NRI data (NRCS, 1997). 
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 Manipulating soils and their local environment to meet management objectives 
can affect the hydrologic cycle for that area, essentially changing the amount of water 
that will take its different paths once at the vadose zone, which is the zone from the soil 
surface to the water table.  The main paths of water at the vadose zone include overland 
flow, subsurface flow, evaporation, and evapotranspiration.  An example would be if all 
the trees in a forest were cut, but not moved, forest soil moisture content would likely 
increase due to a net reduction in forest evapotranspiration (ET) and a reduction in 
interception by vegetation allows more precipitation to reach the soil, organic matter 
recruitment (leaves, needles, wood) for stream channels could increase, but could move 
back toward original levels as the vegetation recovers (Rockefeller et al., 2004; Putz et 
al., 2003).   
 In different land uses the soil and its environment is manipulated differently, but 
all have similar affects to differing degrees, such as areas with lower infiltration rates, 
mineral soil exposure, vegetative manipulation or removal, smooth surfaces, and others.  
These manipulations create pollutants such as sediment, larger and quicker peak flows, 
and temperature if there is less vegetation covering the waterbodies. 
 Urbanized areas have high amounts of impervious surfaces that raise water 
temperature and increase runoff, fertilized lawns and gardens that increase N and P, roads 
with metals and petrochemicals, waste water treatment plants, septic systems, and pets 
that increase coliforms, and a myriad of other sources and pollutants (Coulter et al., 2004; 
Long and Plummer, 2004; Murray et al., 2004; Welsch, 1991).  In looking to meet 
USEPA drinking water standards at their intakes, New York City was looking at an $8 
billion water filtration project, and instead spent $500 million to put in conservation 
practices and riparian buffers to have the same effect and to this day, the New York City 
Watershed is a model for others to follow (Gray, 2003). 
 Areas under construction remove most vegetative cover, large amounts of soil are 
removed, moved, and compacted, drainage patterns are manipulated, all of which 
produce increased levels of overland flow and peak flows, water temperature, sediment, 
and nutrients.  Once construction is complete these urbanized areas become highly 
dissected with impervious surfaces that have high rates of overland flow and high 
temperatures, lawns that are often fertilized with nutrients, and all wash directly into 
storm drains.  All of these impacts are maintained in an urbanized area, so their impacts 
are sustained for the long term (Schueler, 1994). 
 Farming manipulations are commonly broken into classes of cultivation and 
grazing.  Cultivated soil is manipulated several times across a large area with heavy 
equipment causing surface and subsurface compaction, macropore dissemination, and 
smoothing the surface, only specific vegetation is grown, and the area is usually left bare 
for some part of the year.  Most cultivated vegetation does not completely cover the soil 
with a canopy or a cover of organic matter that can intercept precipitation before reaching 
the soil.  Precipitation can mechanically disassemble surface colloids into individual soil 
particles, which decreases pore size at the soil surface lowering infiltration.  Nutrients, 
such as nitrogen and phosphorus are added to the soil, which move with soil colloids and 
water flow above and below the surface, eventually making into surface waters.  
Vegetation on grazed soils is manipulated to grasses, and animals walk the area despite 
soil moisture content causing surface compaction, decreasing infiltration and increasing 
overland flow.  All of these impacts are maintained in the agricultural system, so their 
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impacts are sustained for the long term (Long and Plummer, 2004; Bharati et al., 2002; 
Mitsch et al., 2001; Spence et al., 1996; Welsch, 1991). 
 In a ground based timber harvesting system, machinery must move the trees that 
are felled, but traffic is often concentrated onto trails covering variable amounts of the 
area being harvested, depending on the equipment operators and the silvicultural 
prescription utilized (Kreutzweiser and Capell, 2001; McNabb et al., 2001).  Also, there 
can be several years between harvests to allow natural or planted vegetation to grow and 
help those areas return to pre-harvest conditions in 1 to 5 years (Lister et al., 2004; Putz 
et al., 2003; Hood et al., 2002; Patric, 1996, Patric, 1995a) depending on the amount of 
compaction, local topography, and soil properties.   
 In comparing grazed pastures, cultivated fields, and forested riparian buffers of 
silver maple, Bharati et al. (2002) found that precipitation’s ability to infiltrate soil was 
best under the silver maple, and the grazed fields and the cultivated areas had little 
difference between them.  Some of the reasoning behind lower infiltration was increased 
soil sealing due to a lack of vegetative cover and little canopy, increase in bulk density, 
and a decrease in soil uptake.  
 
 
IV. Impacts of Timber Harvesting and Regeneration 
 
 There are several silvicultural prescriptions that can be used when having a timber 
harvest, and each has its own level of intensity to determine the number of trees to be 
removed and the system in which the subsequent generation of trees will grow.  There are 
several systems that may be utilized to facilitate the removal of the trees being harvested, 
each with its own common impacts.  Once trees are removed and the harvest is complete, 
there are several methods for the regeneration of a tract and the impacts that they can 
have.  Many of these different methods and their impacts are discussed. 
 “Silvicultural systems are long-range harvest and management schemes designed 
to optimize the growth, regeneration, and administrative management of particular forest 
types” (Young, 1982).  The two most general silvicultural systems are even aged or 
uneven aged management.  Even aged management is when all of the trees in the stand 
are managed to be of the same age and usually employs one or some combination of three 
methods; clearcutting, seed tree, and shelterwood.  Uneven aged management is when the 
trees are managed so that there can be a distribution of different ages represented in one 
stand, which is accomplished by selecting single trees or groups of trees to be removed to 
maintain a distribution of age classes (USEPA, 2005; Kreutzweiser and Capell, 2001; 
Kellison and Young, 1997; Young, 1982). 
 In order to manage these differing silvicultural systems, or combination thereof, 
often trees need to be removed to meet the objectives.  Clearcutting is usually the most 
intense and famous of these silvicultural prescriptions, in which all of the trees in the 
stand are removed or killed because the desired species of trees to grow in the next 
generation are shade intolerant.  Whichever silvicultural system is chosen, there are 
different harvesting systems that may be employed to cut, process, and move the trees.  
Most harvesting systems generally include; hand or machine felling; drag, carry, cable, or 
aerial removal to landing; hand or machine bucking whether at the stump or on the 
landing; and removal of the logs by trucks from the landing to the processing plant.  Each 
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of these harvesting systems impact the remaining resources in different ways.  The timber 
harvesting industry in Indiana uses, almost exclusively, ground based drag systems 
utilizing cable skidders in 95.6% of the timber harvests monitored.  Other drag systems 
include horses, ATV’s, tractors, and backhoes.  There are harvesting systems that are not 
drag systems, such as forwarders, that carry the logs rather than dragging them, and they 
have appeared on timber harvests in Indiana, but their use at this time is limited and has 
appeared on only one monitored site thus far.  Grapple skidders are employed in Indiana, 
but the monitoring has not differentiated between grapple or cable skidders (DoF BMP 
unpublished data). 
 Utilizing a ground based dragging system, usually with skidders or clambunks, 
can affect the soil profile in many ways and the amount of disturbance correlates with the 
concentration of traffic and soil conditions with the most soil compaction occurring 
within the first three times an area is traveled over, due to compacted soil particles having 
a greater capacity to resist further mechanical compaction (Block et al., 2002; McNabb et 
al., 2001; Startsev and McNabb, 2001).  Traffic affects on the soil constituents are 
immediate and determined by several factors such as moisture content at the time of 
traffic, soil physical properties, and location in the soil profile.  The closer soil moisture 
is to field capacity or greater, the higher likelihood of compaction, puddling, or 
displacement, each negatively impacting infiltration and conductivity of water and gasses 
through degradation of soil aggregates causing a reduction in porosity.  The soil 
constituents deeper in the soil profile are less likely to be mechanically impacted as the 
gravimetric force diminishes with depth (Miller et al., 2004; Block et al., 2002; McNabb 
et al., 2001).   
 Dragging the logs moves or removes the organic material from the O horizon of 
the soil commonly known as the forest floor, mixing with the A and E horizons, or 
exposing the mineral soil to sunlight and precipitation.  The humus layer of the forest 
floor may be characterized by a 7 class humus index, which describes the interaction of 
the organic material over the mineral soil and the A horizon which is a mix of 
decomposing material and the inorganic material (Ponge et al., 2002).  Soil quality, soil 
productivity, and landscape processes often have the humus index or the O horizon 
thickness as a character in its description (Wander et al., 2002; Block et al., 2002), and 
can be included in the Universal Soil Loss Equation (USLE) as part of the variable for 
soil cover “C” (Hood et al., 2002; Dissmeyer and Foster, 1984).  Powers et al. (1998) 
state the USFS’ monitoring measures compaction, ground cover, soil displacement, and 
organic matter abundance and then set independent standards within each USFS Region 
that can cause a 15% decline in soil productivity. 
 The Indiana DoF carried out a 319 grant through IDEM in 1999-2001 in which 
the DoF cost-shared with loggers 75% of their BMP expenditures up to $650.  In this 
grant the DoF was required to estimate the amount of acreage that was disturbed and 
exposed throughout each timber harvest area in order to derive the estimated soil savings 
in carrying out the BMPs.  In this the DoF found that, out of 13 timber harvest sites with 
a total of 1368 acres, a total of 39.478 acres (2.9%) of the harvest areas were disturbed 
and exposed by the harvesting equipment (DoF, 2001).  Kochenderfer (1977) found on 
logging sites in West Virginia, with a mix of silvicultural systems, some clearcut and 
others with single tree selection, on sites that utilized skidders, they had 10.3% of the 
harvest area in roads and landings.  There are technologies now being tested in which 
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applied research could better estimate the total disturbed areas across a timber sale 
(McDonald et al., 2002). 
 Other pollutants can be generated from harvesting, impacting water quality.  
Water temperature increases can occur when the water surface receives direct sunlight 
due to a loss in vegetative cover, which can affect Dissolved Oxygen (DO) content and 
aquatic communities (Verry et al., 2000; Binkley and Brown, 1993).  Organic sediment 
may increase given the amount of timber removed, its proximity to water, and how much 
organic matter might be felled into the water and can have both positive and negative 
impacts to water quality and aquatic communities (Kreutzweiser et al., 2004; Verry et al., 
2000; Binkley and Brown, 1993).  Pesticide application is a licensed practice requiring 
training for the proper use and distribution in Indiana in which all applicators must 
recertify on a regular basis under Indiana Administrative Code 357 (Indiana Legislative 
Services Agency, 2005b), and are addressed in the BMP Field Guide, which takes a large 
step in protecting water quality and is regularly reviewed for new findings or information 
to improve said protection (Michael, 2004). 
 After a timber harvest is complete there are two generally accepted practices to 
facilitate the regeneration of the stand and they are natural and artificial.  Natural 
regeneration is allowing the seedlings or understory to grow as the next generation, 
whereas artificial regeneration uses different methods to facilitate or accelerate the 
process through site preparation, plantings, scarification, or other methods (Young, 
1982).  As with harvesting, the regeneration methods manipulate the soil to differing 
degrees which can affect soil physical and chemical properties, exposure, subsurface 
water, etc. (Miller et al., 2004; Prevost, 2004; McNabb et al., 2001, Wynn et al., 2000).  
In a random selection of 87 sites in Indiana to look at seedling survival Jacobs et al. 
(2004), all the sites had previously been either cropland, pasture, or riparian buffers and 
not forest suggesting that most regeneration practices in Indiana following a timber 
harvest are natural, which requires the least amount of soil manipulation.  State forest 
properties use natural regeneration as a common practice, except in special cases and in 
small acreages. 
 
 
V. Mitigation of Water Quality Impacts through Forestry BMPs 
 
 With the establishment that forest harvesting practices may impact water quality, 
we can look to the practices that have been designed to prevent or mitigate these possible 
impacts, BMPs.  BMPs are management practices put in place to protect surface waters 
during and after timber harvesting activities.  When used properly BMPs can protect 
general water quality, water temperature, nutrient balance, habitat diversity, and 
hydrologic processes (USEPA, 2005; Arthur et al., 1998, Patric, 1995; Patric, 1977).  In 
Indiana BMPs were designed to address different parts of the timber harvest area, give 
guidelines for practices to implement, and evaluate each part for implementation and 
effectiveness in protecting the water resource (Sobecki and McCoy, 2005). 
 Research turned to finding practices that would minimize timber harvesting 
impacts to water quality long before the CWA amendments of 1972, so that the forest 
community already had 40 years of data on how to harvest timber and protect water 
quality (NCASI, 1999).  Through CWA amendments, all states have been given the 
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ability to build a voluntary or regulatory BMP program and Indiana, along with many 
other states, developed a voluntary program (Sobecki and McCoy, 2005). 
 BMPs are important from the planning of a harvest, through harvest initiation, and 
until the vegetation has reclaimed the area when maintenance of structures is no longer 
needed.  Planning is essential to identify problem areas such as wetlands, steep slopes, 
and other areas to protect in minimizing the potential impacts to water quality, how to 
mark them for easy recognition, and how to work around them or to implement practices 
when having to go through them, such as a stream crossing.  The tools needed for 
planning a timber harvest are maps of soils, topography, waterbodies, knowledge of the 
equipment to be used and their abilities and limitations, and the ability to walk the land to 
confirm what you see on the maps or to find things maps may not show, such as seeps, 
sinkholes, etc. (USEPA, 2005; Sobecki and McCoy, 2005; DoF, 1999).  With the 
information the planner assembles, the ability to mark areas of concern, appropriately lay 
out the harvest infrastructure for minimal disturbance, and debrief equipment operators is 
more easily attained. 
 Forest roads have often been the cited as the chief contributor of sediment from 
timber harvest areas by being impacted, and can be impacted three major ways; 
compaction, puddling, and displacement (Miller et al., 2004; Block et al., 2002; Hood et 
al., 2002; Startsev and McNabb, 2001; Corner et al., 1996, Lockaby et al., 1994; Patric, 
1978), each of which impacts a soil’s infiltration rate possibly causing overland flow.  
Closing out the roads when the harvest is complete can help the site recover and return to 
pre-harvest conditions within a few years (Hood et al., 2002; Verry et al., 2000, Patric, 
1995; Binkley and Brown, 1993).  Practices, such as water diversions, redirect overland 
flow off of roads and onto the forest floor where the sediment and water can be absorbed, 
while others, such as seeding and mulching can establish vegetation to decrease bulk 
density of the topsoil, decrease and slow overland flow, protect and hold soil particles in 
place, and allow natural regeneration to begin (USEPA, 2005; Schuler and Briggs, 2000; 
DoF, 1999; Patric, 1977). 
 Forested Riparian Buffers (RFBs) are designed to detain and absorb overland 
flow, nutrients, contaminants, and sediments before reaching the water body in 
agricultural settings where soil is lost at a rate usually exceeding the tons per acre per 
year from any other land use, and to uptake N and P attached to soil particles in the 
overland flow, and the water in groundwater flow, before it reaches a water body.  RMZs 
in timber harvest areas are designed for the same purposes as RFBs, but usually have 
fewer pollutants to absorb.  Many studies have shown the efficacy of RMZs in keeping 
sediments from reaching streams (Cavalcanti and Lockaby, 2005; Udawatta et al., 2002; 
Castelle and Johnson, 2000; Verry et al., 2000; Wynn et al., 2000; Welsch, 1991).  In 
comparing silvicultural and harvesting systems Kreutzweiser and Capell (2001) 
concluded that single tree selection systems with up to 50% removals, and no RMZ, did 
not produce fine sediments in the stream, whereas the clearcuts produced sediments along 
with one area that was not harvested, but had a new road built. 
 The Indiana Forestry BMP Guidelines focus on different timber harvest areas; 
areas of equipment traffic and log dragging (access roads, landings, skid trails); areas 
adjacent to water bodies (riparian management zones, RMZs); and stream crossings and 
also covers harvest planning, and “non-logging” BMPs.  Each area has a section in the 
Indiana BMP Field Guide (DoF, 1999) and a separate section of the monitoring form 
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with its own list of questions.  The BMP monitoring in Indiana is designed to assess the 
implementation of BMPs throughout the timber harvest area and the effectiveness in 
keeping soil from reaching the water (Sobecki and McCoy, 2005). 
 The BMP guidelines recommend planning the infrastructure of the timber harvest.  
Planning is also mentioned in conjunction with each area within a timber harvest, 
recommendations such as minimizing the amount of roads and trails, to time the harvest 
for the best time of year, minimize slope, and more, so that soil movement and 
sedimentation can be minimized.  Also, the BMP guidelines recommend RMZ widths, 
the maximum amount of soil to be disturbed and exposed within the RMZ, and to leave at 
least half of the canopy remain standing well distributed throughout the RMZ (DoF, 
1999).  
 The most recent BMP monitoring report in Indiana reports a rate of 89% 
compliance on State Forest Properties timber sales, which means that 89% of the 58 BMP 
specifications on 97 timber sales met the requirements of the BMP guidelines (Sobecki 
and McCoy, 2005). 
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Conclusion 
 
Timber management has the lowest water quality impact of any other land use category 
as it is the natural vegetative cover of most soils.  Water quality may be impacted by 
harvesting timber, but in comparison to other land uses, such as urbanization and 
agriculture, the impacts are slight and transitory, often moving back to pre-harvest levels 
within 5 years.  Between silvicultural systems, the amount of impact to soils can differ 
because of the intensity of removal and the amount of soils disturbed. 
 
The state forest property common silvicultural system of uneven aged management 
(single tree and group selection) in combination with natural regeneration which has a 
low area of soil disturbance per harvest, better canopy cover for streams, less likely 
increase in water yield, and has a short recovery time until soil movement reaches pre-
harvest conditions. 
 
Timber harvests on state forest properties are planned, and pre-harvest conferences with 
the harvesting crews facilitate the fruition of the plan by communicating sensitive area 
locations, discussing important aspects of the tract (RMZS, stream crossings), and 
creating a line of communication between forester and logger.  All of these aspects are 
crucial in carrying out a successful harvest with minimal impact to water quality. 
 
The amount of soil disturbed and exposed on the average IN state forest property timber 
sale is likely to be between 2% and 10% depending on site conditions, BMP planning and 
implementation, and harvest objectives, which leads to a much lower disturbance level 
than USFS standards as outlined in Powers et al. (1998) in most cases. 
 
Forestry BMPs are designed to prevent or mitigate impacts that might occur from timber 
harvesting.  Indiana DoF enforces BMPs on all of its timber harvests to the point of 
having 89% compliance.   
 
Research looking at the impacts of forest practices on water and soil quality, in a more 
regional perspective, is needed in Indiana to gain a more quantitative, scientific 
foundation to base management decisions both on public and private forest land.  The 
state forests provide a good, controlled environment for such research and have the 
potential to provide research plots for the long term. 
 



 

Page 14 of 21 

References 
 
Arthur, M.A., Coltharp, G.B. and Brown, D.L. 1998. Effects of Best Management 

Practices on Forest Streamwater Quality in Eastern Kentucky. J. AWRA. 34:481-495. 
 
Aust, W.M. and Blinn, C.R. 2004. Forestry Best Management Practices for Timber 

Harvesting and Site Preparation in the Eastern United States: An Overview of Water 
Quality and Productivity Research During the Past 20 Years (1982-2002). Water, Air, 
and Soil Pollution: Focus. 4:5-36. 

 
Bastian, R.K. 2005. Interpreting Science in the Real World for Sustainable Land 

Application. J. Environ. Qual. 34:174-183. 
 
Bennett, L.T. and Adams, M.A. 2004. Assessment of Ecological Effects Due to Forest 

Harvesting: Approaches and Statistical Issues. J. App. Ecol. 41:585-598. 
 
Bharati, L., Lee, K.H., Isenhart, T.M. and Schultz, R.C. 2002. Soil-Water Infiltration 

Under Crops, Pasture, and Established Riparian Buffer in Midwestern USA. Agrofor. 
Sys. 56:249-257. 

 
Binkley, D. and Brown, T.C. 1993. Forest Practices as Nonpoint Sources of Pollution in 

North America. Wat. Res. Bul. 29:729-740. 
 
Binkley, D., Burnham, H. and Allen, H.L. 1999. Water Quality Impacts of Forest 

Fertilization with Nitrogen and Phosphorus. For. Ecol. Man. 121:191-213. 
 
Bliss, C.M. and Comerford, N.B. 2002. Forest Harvesting Influence on Water Table 

Dynamics in a Florida Flatwoods Landscape. Soil Sci. Soc. Am. J. 66:1344-1349. 
 
Block, R., Van Rees, K.C.J. and Pennock, D.J. 2002. Quantifying Harvesting Impacts 

using Soil Compaction and Disturbance Regimes at a Landscape Scale. Soil Sci. Soc. 
Am. J. 66:1669-1676. 

 
Carey, A.B. 2003. Restoration of Landscape Function: Reserves or Active Management? 

Forestry. 76:221-230. 
 
Castelle, A.J. and Johnson, A.W. 2000. Riparian Vegetation Effectiveness. National 

Council for Air and Stream Improvement. Technical Bulletin No. 799. 
 
Cavalcanti, G.G. and Lockaby, B.G. 2005. Effects of Sediment Deposition on Fine Root 

Dynamics in Riparian Forests. Soil Sci. Soc. Am. J. 69:729-737. 
 
Corbett, E.S., Lynch, J.A. and Sopper, W.E. 1978. Timber Harvesting Practices and 

Water Quality in the Eastern United States. J. For. 76:484-488. 
 



 

Page 15 of 21 

Corner, R.A., Bassman J.H. and Moore, B.C. 1996. Monitoring Timber Harvest Impacts 
on Stream Sedimentation: Instream vs. Upslope Methods. West. J. Appl. For. 
11(1):25-32. 

 
Coulter, C.B., Kolka R.K and Thompson, J.A. 2004. Water Quality in Agricultural, 

Urban, and Mixed Land Use Watersheds. J. Am. Wat. Res. Assoc. 40:1593-1601. 
 
Dissmeyer, G.E. and Foster, G.R. 1984. A Guide for Predicting Sheet and Rill erosion on 

Forest Land. USDA Forest Service. R8-TP 6. 
 
Douglass, J.E. and Swank, W.T. 1972. Streamflow Modification through Management of 

Eastern Forests. USDA Forest Service. RP-SE-94. 
 
Elliot, K.J. and Vose, J.M. 2005. Initial Effects of Prescribed Fire on Quality of Soil 

Solution and Streamwater in the Southern Appalachian Mountains. S. J. App. For. 
29(1):5-15. 

 
Ensign, S.H. and Mallin, M.A. 2001. Stream Water Quality Changes Following Timber 

Harvest in a Coastal Plain Swamp Forest. Wat. Res. 35:3381-3390. 
 
Grace III, J.M. 2005. Forest operations and Water Quality in the South. Trans. ASAE. 

48:871-880. 
 
Gray, G.J. 2003. Linking Water Quality and Community Well-Being in a Forested 

Watershed. Forest Communities, Community Forests. Rowman & Littlefield 
Publishers. 3-25. 

 
Hairsine, P.B., Croke, J.C., Mathews, H., Fogarty, P. and Mockler, S.P. 2002. Modelling 

Plumes of Overland Flow from Logging Tracks. Hydrol. Process. 16:2311-2327. 
 
Hall, G.F., Daniels, R.B. and Foss, J.E. 1982. Rate of Soil Formation and Renewal in the 

USA. Determinants of Soil Loss Tolerance. ASA Special Pub. 45. 23-39. 
 
Hannam, K.D., Quideau, S.A., Oh, S.W., Kishchuck, B.E. and Wasylishen, R.E. 2004. 

Forest Floor Composition in Aspen- and Spruce-Dominated Stands of the Boreal 
Mixedwood Forest. Soil Sci. Soc. Am. J. 68:1735-1743. 

 
Hood, S.M., Zedaker, S.M., Aust, W.M. and Smith, D.W. 2002. Universal Soil Loss 

Equation (USLE) – Predicted Soil Loss for Harvesting Regimes in Appalachian 
Hardwoods. North. J. Appl. For. 19(2):53-58. 

 
Huang, J., Lacey, S.T. and Ryan, P.J. 1996. Impact of Forest Harvesting on the Hydraulic 

Properties of Surface Soil. Soil Sci. 161(2):79-86. 
 



 

Page 16 of 21 

Husak, A.L., Grado, S.C. and Bullard, S.H. 2005. Silvicultural Best Management Practice 
Compliance Monitoring Programs in the United States. South. J. Appl. For. 29(1):48-
52. 

 
Hutchens Jr., J.J., Batzer, D.P. and Reese, E. 2004. Bioassessment of Silvicultural 

Impacts in Streams and Wetlands of the Eastern United States. Water, Air, and Soil 
Pollution: Focus. 4:37-53. 

 
Idol, T.W., Pope, P.E. and Ponder Jr., F. 2002. Changes in Microbial Nitrogen Across a 

100-Year Chronosequence of Upland Hardwood Forests. Soil Sci. Soc. Am. J. 
66:1662-1668. 

 
Indiana DNR Division of Forestry (DoF). 1999. Indiana Logging and Forestry Best 

Management Practices BMP Field Guide. Purdue University Printing. West 
Lafayette, IN. 

 
Indiana DNR Division of Forestry (DoF). Unpublished. 2001. Priority Watershed Grant 

BMP Cost Share Program Report. 
 
Indiana DNR Division of Forestry (DoF). Unpublished. 2005. BMP Monitoring Access 

Database. 
 
Indiana Legislative Services Agency. 2005a. Indiana Code. 

http://www.ai.org/legislative/ic/code/title14/ar23/ch4.html. 
 
Indiana Legislative Services Agency. 2005b. Indiana Administrative Code. 

http://www.in.gov/legislative/iac/T03570/A00010.PDF. 
 
Iseman, T.M., Zak, D.R., Holmes, W.E. and Merrill, A.G. Revegetation and Nitrate 

Leaching from Lake States Northern Hardwood Forests Following Harvest. Soil Sci. 
Soc. Am. J. 63:1424-1429. 

 
Jacobs, D.F., Ross-Davis, A.L. and Davis, A.S. 2004.  Establishment Success of 

Conservation Tree Plantations in Relation to Silvicultural Practices in Indiana.  New 
Forests 28:23-36. 

 
Johnson, C.E., Ruiz-Mendez, J.J. and Lawrence, G.B. 2000. Forest Soil Chemistry and 

Terrain Attributes in a Catskills Watershed. Soil Sci. Soc. Am. J. 64:1804-1814. 
 
Kellison, R.C. and Young, M.J. 1997. The Bottomland Hardwood Forest of the Southern 

United States. For. Ecol. Man. 90:101-115. 
 
Kilgore M.A. and Blinn, C.R. 2004. Encouraging the Application of Sustainable Timber 

Harvesting Practices: A Review of Policy Tool Use and Effectiveness in the Eastern 
United States. Water, Air, and Soil Pollution: Focus. 4:203-216. 

 



 

Page 17 of 21 

Kochenderfer, J.N. 1977. Areas in Skid Trails, Trucks Roads, and Landings in the 
Central Appalachians. J. of For. 75:507-508. 

 
Kreutzweiser, D.P. and Capell, S.S. 2001. Fine Sediment Deposition in Streams after 

Selective Forest Harvesting Without Riparian Buffers. Can. J. For. Res. 31:2134-
2142. 

 
Kreutzweiser, D.P., Capell, S.S. and Beall, F.D. 2004. Effects of Selective Forest 

Harvesting on Organic Matter Inputs and Accumulation in Headwater Streams. 
North. J. Appl. For. 21(1):19-30. 

 
Lister, T.W., Burger, J.A. and Patterson, S.C. 2004. Role of Vegetation in Mitigating Soil 

Quality Impacted by Forest Harvesting. Soil Sci. Soc. Am. J. 68:263-271. 
 
Lockaby, B.G., Jones, R.H., Clawson, R.G., Meadows, J.S., Stanturf, J.A. and Thornton, 

F.C. 1997. Influences of Harvesting on Functions of Floodplain Forests Associated 
with Low-Order, Blackwater Streams. For. Ecol. Man. 90:217-224. 

 
Lockaby, B.G., Thornton, F.C., Jones, R.H. and Clawson, R.G. 1994. Ecological 

Responses of an Oligotrophic Floodplain Forest to Harvesting. J. Environ. Qual. 
23:901-906. 

 
Long, S.C. and Plummer, J.D. 2004. Assessing Land Use Impacts on Water Quality using 

Microbial Source Tracking. J. Am. Wat. Res. Assoc. 40:1433-1448. 
 
McClure, J.M., Kolka, R.K. and White, A. 2004. Effect of Forest Harvesting Best 

Management Practices on Coarse Woody Debris Distribution in stream and Riparian 
Zones in Three Appalachian Watersheds. Water, Air, and Soil Pollution: Focus. 
4:245-261. 

 
McDonald, T.P., Carter, E.A. and Taylor, S.E. 2002. Using the Global Positioning 

System to Map Disturbance Patterns of Forest Harvesting Machinery. Can. J. For. 
Res. 32:310-319. 

 
McNabb, D.H., Startsev, A.D. and Nguyen, H. 2001. Soil Wetness and Traffic Level 

Effects on Bulk Density and Air-Filled Porosity of Compacted Boreal Forest Soils. 
Soil Sci. Soc. Am. J. 65:1238-1247. 

 
Michael, J.L. 2004. Best Management Practices for Silvicultural Chemicals and the 

Science behind Them. Water, Air, and Soil Pollution: Focus. 4:95-117. 
 
Miles, P.D. 2004. Forest Inventory Mapmaker Web-Application Version 1.7. St. Paul, 

MN. USDA FS, North Central Station. [Available only on internet: 
http://nrcs2.fs.fed.us/4801/fiadb/index.htm]. 

 



 

Page 18 of 21 

Miller, E.L., Beasley, R.S. and Lawson, E.R. 1988a. Forest Harvest and Site Preperation 
Effects on Stormflow and Peakflow of Ephemeral Streams in the Ouachita 
Mountains. J. Environ. Qual. 17:212-218. 

 
Miller, E.L., Beasley, R.S. and Lawson, E.R. 1988b. Forest Harvest and Site Preparation 

Effects on Erosion and Sedimentation in the Ouachita Mountains. J. Environ. Qual. 
17:219-225. 

 
Miller, E.L. and Liechty, H.O. 2001. Forest Inventory and Analysis: What it Tells Us 

About Water Quality in Arkansas. USDA Forest Service. Gen. Tech Rep. SRS-41. 
71-78. 

 
Miller R.E., Colbert, S.R. and Morris, L.A. 2004. Effects of Heavy Equipment on 

Physical Properties of Soil and on Log-Term Productivity: A Review of Literature 
and Current Research. National Council for Stream and Air Improvement. Technical 
Bulletin No. 887. 

 
Mitsch, W.J., Day Jr., J.W., Gilliam, J.W., Groffman, P.M., Hey, D.L., Randall, G.W. 

and Wang, N. 2001. Reducing Nitrogen Loading to the Gulf of Mexico from the 
Mississippi River Basin: Strategies to Counter a Persistent Ecological Problem. 
Bioscience. 51:373-388. 

 
Moss, R.G. Unpublished. 1995. Pate Hollow Water Quality Study. US Forest Service. 
 
National Council of the Paper Industry for Air and Stream Improvement (NCASI). 1999. 

Silviculture and Water Quality: A Quarter Century of Clean Water Act Progress. 
Special Report No. 99-06. NCASI. N.C. 

 
National Council of the Paper Industry for Air and Stream Improvement (NCASI). 2001. 

Forestry Operations and Water Quality in the Northeastern States: Overview of 
Impacts and Assessment of State Implementation of Nonpoint Source Programs under 
the Federal Clean Water Act. NCASI. Technical Bulletin No. 820. 

 
Nizeyimana, E.L., Peterson, G.W., Imhoff, M.L., Sinclair Jr., H.R., Waltman, S.W., 

Reed-Margetan, D.S., Levine, E.R. and Russo, J.M. 2001. Assessing the Impact of 
Land Conversion to Urban Use on Soils with Different Productivity Levels in the 
USA. Soil Sci. Soc. Am. J. 65:391-402. 

 
NRCS (USDA Natural Resources Conservation Service). 1997. Water Quality and 

Agriculture: Status, Conditions, and Trends. USDA NRCS Working Paper #16. 
Accessed at: http://www.nrcs.usda.gov/technical/land/pubs/WP16.pdf. 

 
NRCS (USDA Natural Resources Conservation Service). 2000. Summary Report, 1997 

Natural Resources Inventory, Revised December 2000 Tables:1, 9, and 10. USDA 
NRCS. http://www.nrcs.usda.gov/technical/NRI/1997/summary_report. 

 



 

Page 19 of 21 

Parker, J.L., Fernandez, I.J., Rustad, L.E. and Norton, S.A. 2001. Effects of Nitrogen 
Enrichment, Wildfire, and Harvesting on Forest-Soil Carbon and Nitrogen. Soil Sci. 
Soc. Am. J. 65:1248-1255. 

 
Patric, J.H. 1976. Soil Erosion in the Eastern Forest. J. For. 74:671-677. 
 
Patric, J.H. 1977. Soil Erosion and its Control in Eastern Woodlands. North. Logg. Timb. 

Process. 25(11):4, 5, 22, 23,313, and 51. 
 
Patric, J.H. 1978. Harvesting Effects on Soil and Water in the Eastern Hardwood Forest. 

S. J. of App. For. 2(3):66-73. 
 
Patric, J.H. 1995a. Forest Ecosystem Recovery from Induced Bareness. Am. For. Paper 

Assoc. Technical Bulletin No. 95-3. 
 
Patric, J.H. 1995b. Water, Woods, and People: A Primer. Some Effects of Human 

Actions on Water Resources of the Eastern Forest. Artistic Printers. Greenville,TN. 
 
Patric, J.H. 1996. Forest Soil and Streams: Keeping them (almost) Apart. PolicyFax. 

Document #2376401. 
 
Ponge, J.F., Chevalier, R. and Loussot, P. 2002. Humus Index: An Integrated Tool for the 

Assessment of Forest Floor and Topsoil Properties. Soil Sci. Soc. Am. J. 66:1996-
2001. 

 
Powers, R.F., Tiarks, A.E. and Boyle, J.R. 1998. Assessing Soil Quality: Practicable 

Standards for Sustaining Forest Productivity in the United States. Soil Sci. Soc. Am. 
Special Publication Number 53. 

 
Prevost, M. 2004. Predicting Soil Properties from Organic Matter Content following 

Mechanical Site Preparation of Forest Soils. Soil Sci. Soc. Am. J. 68:943-949. 
 
Putz, G., Burke, J.M., Smith, D.W., Chanasyk, D.S., Prepas, E.E. and Mapfumo, E. 2003. 

Modelling the Effects of Boreal Forest Landscape Management upon Streamflow and 
Water Quality: Basic Concepts and Considerations. J. Environ. Eng. Sci. 2:S87-S101. 

 
Qualls, R.G., Haines, B.L., Swank, W.T. and Tyler, S.W. 2000. Soluble Organic and 

Inorganic Nutrient Fluxes in Clearcut and Mature Deciduous Forests. Soil Sci. Soc. 
Am. J. 64:1068-1077. 

 
Rishel, G.B., Lynch, J.A. and Corbett, E.S. 1982. Seasonal Stream Temperature Changes 

Following Forest Harvesting. J. Environ. Qual. 11:112-116. 
 
Rockefeller, S.L., McDaniel, P.A. and Falen, A.L. 2004. Perched Water Table Responses 

to Forest Clearing in Northern Idaho. Soil Sci. Soc. Am. J. 68:168-174. 
 



 

Page 20 of 21 

Schilling, E.B., Lockaby, B.G. and Rummer, R. 1999. Belowground Nutrient Dynamics 
Following Three Harvest Intensities on the Pearl River Floodplain, Mississippi. Soil 
Sci. Soc. Am. J. 63:1856-1868. 

 
Schueler, T.R. 1994. The Importance of Imperviousness. Watershed Protection 

Techniques. 1:100-111. 
 
Schuler, J.L. and Briggs, R.D. 2000. Assessing Application and Effectiveness of Forestry 

Best Management Practices in New York. North. J. Appl. For. 17(4):125-134. 
 
Schumm, S.A. and Harvey, M.D. 1982. Natural Erosion in the USA. Determinants of 

Soil Loss Tolerance. ASA Special Pub. 45. 15-22. 
 
Seddell, J., Sharpe, M., Apple, D.D., Copenhagen, M., Furniss, M. (eds.) 2000. Water & 

the Forest Service. USDA Forest Service. FS-660. 
 
Shestak, C.J. and Busse, M.D. 2005. Compaction Alters Physical but not Biological 

Indices of Soil Health. Soil Sci. Soc. Am. J. 69:236-246. 
 
Sobecki, J.E. and McCoy, D.A. 2005. Indiana Forestry Best Management Practices 

Report of Findings 1996-2003. Indiana Department of Natural Resources Division of 
forestry. 

 
Spence, B.C., Lomnicky, G.A., Hughes, R.M. and Novitzki, R.P. 1996. An Ecosystem 

Approach to Salmonid Conservation. Mantech Environmental Technology, Inc. 
http://www.nwr.noaa.gov/1habcon/habweb/habguide/ManTech/FRONT.htm. 

 
Startsev, A.D and McNabb, D.H. 2001. Skidder Traffic Effects on Water Retention, 

Pore-Size Distribution, and van Genuchten Parameters of Boreal Forest Soils. Soil 
Sci. Soc. Am. J. 65:224-231. 

 
Swank, W.T., Vose, J.M. and Elliot, K.J. 2001. Long-Term Hydrologic and Water 

Quality Responses Following Commercial Clearcutting of Mixed Hardwoods on a 
Southern Appalachian Catchment. For. Ecol. Man. 143:163-178. 

 
Teepe, R., Brumme, R., Beese, F. and Ludwig, B. 2004. Nitrous Oxide and Methane 

Consumption Following Compaction of Forest Soils. Soil Sci. Soc. Am. J. 68:605-
611. 

 
Todd, A.H. 2001. Watershed Stewardship in the Northeastern Area. PowerPoint 

Presentation. 
 
Tormoehlen, B., Gallion, J. and Schmitt, T.L. 2000. Forests of Indiana: A 1998 

Overview. USDA For. Ser., N.E. Area State and Private For. NA-TP-03-00. 
 



 

Page 21 of 21 

Trimble, S.W. and Crosson, P. 2000. U.S. Soil Erosion Rates—Myth and Reality. 
Science. 289(5477):248-250. 

 
Tugel, A.J., Herrick, J.E., Brown, J.R., Mausbach, M.J. Puckett, W. and Hipple, K. 2005. 

Soil Change, Soil Survey, and Natural Resource Decision Making: A Blueprint for 
Action. Soil Sci. Soc. Am. J. 69:738-747. 

 
Udawatta, R.P., Krstansky, J.J., Henderson, G.S. and Garrett, H.E. 2002. Agroforestry 

Practices, Runoff, and Nutrient Loss: A Paired Watershed Comparison. J. Environ. 
Qual. 31:1214-1225. 

 
U.S. Congress. 2002. Federal Water Pollution Control Act [As Amended Through P.L. 

107-303, November 27, 2002.] US Government Printing Office. 33 U.S.C. 1251 et 
seq. 

U.S. Department of Agriculture (USDA). 1993. Soil Survey Manual. USDA. Handbook 
No. 18. 

 
USEPA (United States Environmental Protection Agency). 2005. National Management 

Measures to Control Nonpoint Source Pollution from Forestry. USEPA. EPA-841-B-
05-001. 

 
University of Missouri-Columbia School of Natural Resources. 2005. Silviculture. 

http://www.snr.missouri.edu/silviculture. 
 
Verry, E.S. 1986. Forest Harvesting and Water: The Lake States Experience. Wat. Res. 

Bul. 22:1039-1047. 
 
Verry, E.S., Dolloff, C.A. and Manning, M.E. 2004. Riparian Ecotone: A Functional 

Definition and Delineation for Resource Assessment. Water, Air, and Soil Pollution: 
Focus. 4:67-94. 

 
Verry, E.S., Hornbeck, J.W., and Dolloff, C.A. (ed.). 2000. Riparian Management in 

Forests of the Continental Eastern United States. Lewis Publishers. 
 
Wander, M.M., Walter, G.L., Nissen, T.M., Bollero, G.A., Andrews, S.S. and 

Cavanaugh-Grant, D.A. 2002. Soil Quality: Science and Process. Agron. J. 94:23-32. 
 
Welsch, D.J. 1991. Riparian Forest Buffers: Function and Design for Protection and 

Enhancement of Water Resources. USDA Forest Service. NA-PR-07-91 
 
Wynn, T.M., Mostaghimi, S., Frazee, J.W., McClellan, P.W., Shaffer, R.M. and Aust, 

W.M. 2000. Effects of Forest Harvesting Best Management Practices on Surface 
Water Quality in the Virginia Coastal Plain. Trans. ASAE. 43:927-936. 

 
Young, R.A. (ed.). 1982. Introduction to Forest Science. Wiley & Sons, Inc. N.Y., N.Y. 
 


